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ABSTRACT Millimeter wave (mmWave) systems with effective beamforming capability play a key role
in fulfilling the high data-rate demands of current and future wireless technologies. Hybrid analog-to-
digital beamformers have been identified as a cost-effective and energy-efficient solution towards deploying
such systems. Most of the existing hybrid beamforming architectures rely on a subconnected phase shifter
network with a large number of antennas. Such approaches, however, cannot fully exploit the advantages of
large arrays. On the other hand, the current fully-connected beamformers accommodate only a small number
of antennas, which substantially limits their beamforming capabilities. In this paper, we present a mmWave
hybrid beamformer testbed with a fully-connected network of phase shifters and adjustable attenuators and
a large number of antenna elements. To our knowledge, this is the first platform that connects two RF inputs
from the baseband to a 16× 8 antenna array, and it operates at 26 GHz with a 2 GHz bandwidth. It provides
a wide scanning range of 60◦, and the flexibility to control both the phase and the amplitude of the signals
between each of the RF chains and antennas. This beamforming platform can be used in both short and
long-range communications with linear equivalent isotropically radiated power (EIRP) variation between
10 dBm and 60 dBm. In this paper, we present the design, calibration procedures and evaluations of such a
complex system as well as discussions on the critical factors to consider for their practical implementation.
INDEX TERMS Millimeter wave, Multiple-input multiple-output, fully-connected hybrid beamforming,
phased array antenna, testbed.
I. INTRODUCTION
New wireless technologies and applications, such as virtual
reality and augmented reality, require a high-speed trans-
mission of data over wireless links. As the sub-6 GHz
bands are becoming saturated by many wireless technologies,
the mobile operators are exploiting large chunks of unli-
censed/lightly licensed spectrum that are available in the mil-
limeter wave (mmWave) frequencies. For example, the fifth-
generation (5G) providers in the United States and the United
Kingdom use 28 GHz and 26 GHz bands, respectively. On
the other hand, achieving high data rates at such frequencies
is very challenging due to several technical reasons [1]–[3].
First, the signals transmitted over mmWave channels experi-
ence significant attenuation due to high path loss [3]–[6]. In
addition, mmWave channels only offer limited scattering and
reflection of electromagnetic waves [7]. Consequently, there
are only a few physical directions that allow a transmitter and
a receiver to communicate. Hence, effective beam alignment
techniques are necessary to establish a reliable link between
terminals [8]. To overcome such challenges, an antenna array
with a large number of elements is needed to electronically
steer the directional beams towards desired directions in
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mmWave systems [9]–[11]. This is achieved by controlling
the phase and magnitude of signals at each antenna based
on beamforming techniques. In this context, fully-digital
systems, with a dedicated radio frequency (RF) chain per
antenna, offer significant flexibility and degrees of freedom to
apply suitable algorithms. However, the large number of the
required RF chains makes digital beamformers an expensive,
power-hungry, and bulky solution for mmWave systems.
Analog beamformers, on the other hand, have only a single
RF chain and a phased array antenna. They offer hardware
simplicity, lower cost and power consumption compared to
fully-digital systems. However, analog beamformers, with
a single RF chain, cannot provide high orders of spatial
multiplexing gain. Hence, the achievable data rates by such
systems may be much lower in comparison with fully-digital
beamformers. Several independent access points can be used
to increase the number of transmit data streams in an area.
Practical trials have shown that the system performance can
be significantly boosted if joint processing takes place among
the analog beamformers [12]. Such studies highlight the need
for a third group of beamforming approaches, known as
hybrid analog-and-digital beamformers.
In a hybrid beamformer, a small number of RF chains
are connected to a large number of antennas via a network
of phase shifters [13]–[17]. Compared to analog and digital
beamformers, hybrid approaches can offer a tradeoff be-
tween spatial multiplexing gain, cost, complexity, and power
consumption. As a result, they have been identified as one
of the most promising approaches to implement systems
that are based on 802.11 ay and 5G new radio. Hybrid
beamformers can be divided into subconnected and fully-
connected structures, as shown in Figure 1 [18]–[20]. Theo-
retical analysis of different structures has shown that fully-
connected hybrid beamformers provide significantly more
degrees of freedom to design algorithms and reach higher
data rates. However, these systems are much more expensive
and complex to build. Hence, most of the existing hybrid
beamforming testbeds and products are based on the subcon-
nected approaches [9], [12], [21]–[23].
With this background, we have designed, built, and evalu-
ated a fully-connected hybrid beamformer with 128 antennas
and two RF ports that operate at 26 GHz over a 2 GHz
bandwidth; which to our knowledge, is the first of its kind in
the world. This platform is algorithm-agnostic and it can sup-
port various hybrid massive MIMO approaches. In particular,
the fully-connected structure of the beamformer allows for
implementing hybrid beamforming algorithms which provide
higher data rates compared to the subconnected structures.
This system provides flexibility to control the phase and
magnitude of the signals between each RF chain and an-
tenna via 6-bits resolution phase shifters and 6-bits reso-
lution attenuators. This feature enables the implementation
of amplitude tappering techniques to reduce sidelobe levels
and, consequently, interference towards undesired directions.
The 16×8 structure of the antenna array allows for steer-
ing the beams in both azimuth and elevation. The effective
FIGURE 1: Block diagram of (a) subconnected, (b) fully-
connected structures.
isotropic radiated power (EIRP) of the system can linearly
vary from 10 dBm up to 60 dBm. The system’s high dynamic
range allows for the transmission of various waveforms with
different modulations over both short-range and long-range
communication links. Hence, the developed testbed provides
a unique platform for researchers to develop robust hybrid
beamforming algorithms for mmWave systems. In the rest
of the paper, we present the most important steps that, we
believe, will be of great interest to the researchers who aim
to build a similar testbed, regardless of the exact dimensions
of the antenna array or the center frequency of the system.
II. PRIMER: HYBRID BEAMFORMING AND
STATE-OF-THE-ART
In this section, we present a brief overview about the design
of hybrid beamformers from the both algorithm and imple-
mentation points of view. The design of hybrid beamform-
ing algorithms is a challenging task due to the nonconvex
constant modulus constraints1 that are imposed by the phase
shifters. In addition, most of the commercial phase shifters
are digitally controlled, and they provide discrete set of phase
values. As a result, the optimization of hybrid beamforming
weights turns into a nonconvex combinatorial problem which
can significantly increase the computational complexity of
the corresponding algorithms [17]. The design and perfor-
mance of such methods also depends on the properties of the
propagation channel, performance metric, and the structure
of the phase shifter network. For example, the sparsity, rich-
ness, or the frequency-selectivity of channel matrix channel
directly impacts the choice of the hybrid beamforming algo-
rithms [14], [15], [24]. In addition, the hardware connections
within the hybrid beamforming network dictate the degrees
of freedom and constraints that are available to the algorithm
developers. In a subconnected structure, shown in Figure 1
(a), each RF chain is only connected to a subset of antennas.
However, in a fully-connected structure, each RF chain is
connected to all of the antennas, as shown in Figure 1 (b). The
theoretical studies on hybrid beamformers show that fully-
1In mathematical models, a phase shifter provides φ rad of phase shift
to its input signal by multiplying it with ejφ. As a result, the phase
shifters can only change the phase of the signal and not its magnitude. This
property is referred to as constant modulus constraint, when formulating the
optimization problem to design the hybrid beamforming weights [8].
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connected beamformers can reach significantly higher data
rates compared to subconnected approaches [16]. Moreover,
the larger number of phase shifters provides more degrees of
freedom to design algorithms. Besides, the connection from
each RF chain to all of the antennas provides higher array
gains to boost the signal-to-noise- ratio (SNR) for each data
stream.
From an implementation point of view, fabricating fully-
connected beamformers is much more challenging than the
subconnected structures. In the full-connected configuration,
a large number of electrical components and RF tracks
need to be placed in a small physical area. The required
proximity gives rise to mutual coupling effects between the
RF paths, phase shifters, and antennas. Such issues become
even more challenging as the operating frequency of the
circuit increases, and the number of the antennas scales up.
Hence, most of the implementations of hybrid beamformers
are based on subarray structures, such as in [12], [21]–[23]
and references therein.
The authors in [12] present a subconnected hybrid beam-
former with 32 antennas and 2 RF chains for 60 GHz
applications. They show that a subconnected structure with
two RF chains and phased arrays significantly outperforms
two analog beamformers with the same array size. In other
words, despite the directional nature of 60 GHz channels, the
cooperation between the two RF chains provides a noticeable
performance gain to better improve the signal to interference
noise ratio (SINR) for the users. The 64-element phased array
of [21] operates at 28 GHz and provides ±50◦ scanning
range in azimuth and can support EIRP of up to 52 dBm.
The 8 × 1 array of [23] provides a similar scanning range,
and its EIRP at the saturation point is around 40 dBm. The
256-element transceiver of [22] is also based on a subcon-
nected structure, and it operates at 60 GHz. A wideband
fully-connected hybrid beamformer with 8 antennas and 2
RF inputs for the receiver side at 28 GHz is presented in
[25]. Another fully-connected hybrid beamformer for multi-
standard MIMO receivers at 28 GHz and 37 GHz with 2 RF
ports and 4 antennas is proposed in [26]. However, the array
size of [25], [26] may not be sufficient to compensate for high
path loss of mmWave channels in many practical scenarios.
In summary, the mmWave systems require a large number
of antennas. However, most of the existing hybrid beamform-
ers are based on subconnected structures that cannot fully
realize the benefits of large arrays. On the other hand, the ex-
isting fully-connected hybrid beamformers have a relatively
small number of antennas. With this motivation, we have
designed, built, and tested a fully-connected wideband hybrid
beamformer with 128 antennas and 2 RF inputs at 26 GHz. In
the following, we present the most significant steps that are
required to design, implement, and verify this system.
III. DESIGN, CALIBRATION AND TEST PROCEDURES
This section presents an overview of the most important
design consideration towards building our testbed. The hy-
brid beamformer consists of a programmable phase shifter
FIGURE 2: Signal distribution scheme across the hybrid
beamforming module.
FIGURE 3: Detailed block diagram of the hybrid beamform-
ing module.
and attenuator network, a cooling system, a control interface
to program the phase shifters and attenuators, and a power
supply. A Keysight 34980 Multifunction Switch / Measure
is used to digitally control the phase shifters and attenuators
of the hybrid beamformer from MATLAB on a computer. An
Ethernet cable provides the connection between the computer
and Keysight 34980, and eight 78-pin Dsub connectors and
cables make the connection between Keysight 34980 and the
hybrid beamformer. A Keysight N5765 power supply is used
to provide the required current and voltage to operate the
hybrid beamformer. The rest of this section is mainly focused
on the design of the RF front-end and antenna array.
As shown in the diagram of Figure 2, there are two RF
inputs to the hybrid beamformer. Each RF input is split into
16 signals, and then passed into a fully-connected beamform-
ing module with two RF inputs and 8 outputs. This system
consists of 16× 8 antenna array. Figure 3 further depicts the
details of the whole system and the 2:8 beamformer modules
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which consist of a fully-connected network of phase shifters
and adjustable attenuators. The outputs of the modules are,
then, amplified and and fed to the antennas. It is noted that
Figure 2 and Figure 3 present the block diagram of the same
system, with a 90 degrees rotation in the viewing angle. In
the following, we explain the design and test procedures of
different blocks of Figure 3 in detail.
A. POWER SPLITTER NETWORK
A 1-to-16 Wilkinson power splitter network has been de-
signed, shown in Figure 4, to divide each of the two input
signals of the hybrid beamformer among the 16 beamforming
modules. This passive network is placed at the very beginning
stage of the hybrid beamformer (see Figure 3). Comparing
to conventional network dividers, Wilkinson offers higher
isolation between adjacent arms in a relatively compact size.
The compact size of network is an important factor to reduce
the signal losses, especially in the mmWave bands. This
is due to the fact that the signal attenuation is related to
the length of the transmission lines; as the length of the
lines reduces, so does the signal attenuation. An Agilent
5244 vector network analyzer (VNA) is used to evaluate the
functionality of the designed power splitter. Compared to
our design specifications, the key requirements and measured
values are summarized as:
• The total loss per channel should be less than 18 dB, the
maximum loss that we measured was 17.96 dB;
• Isolation between channels should be greater than 20
dB, we achieved 21.9 dB in the worst case;
• Input Voltage Standing Wave Ratio (VSWR) should be
lower than 1.6:1, we achieved maximum of 1.33;
• Output VSWR should be lower than 1.6:1, we achieved
a maximum of 1.49.
In general, the input signal level of a power splitter de-
creases at its output based on two factors: nominal loss
and insertion loss. For an N -way Wilkinson power splitter,
the nominal loss is defined as 10 log10N dB. The insertion
loss mainly originates from dielectric and conductive loss of
the transmission line, the fabrication and installation issues.
In practice, a well-designed structure can only minimize
insertion loss, and not eliminate it. In our designed Wilkinson
power splitter, the traveling wave on the microstrip line is di-
vided by two subpath for four times to form a 1-to-16 divider.
In an ideal case, the signal level drops by 10 log10 16 = 12
dB. During our measurements, we observed 17.96 dB total
loss in the worst-case scenario, which indicates that the
insertion loss of the splitter is 5.96 dB. Hence, our designed
power divider, with a significantly lower implementation cost
than of industrialized commercial products, e.g., [27], [28],
provides high efficiency and meets our system requirements.
B. PHASE SHIFTING AND ATTENUATION
The fully-connected phase shifter and attenuator network
consists of 256 programmable phase shifters and attenuators
which are equally distributed among 16 modules. The outputs
of these beamforming modules will then be amplified before
FIGURE 4: 1:16 power splitter network.
they are fed to the antennas (see Figure 3). Each module
consists of two RF inputs and eight outputs that are connected
by 16 phase shifters and 16 attenuators, as shown in Figure 5.
Each phase shifter can select an arbitrary combination of
the values in {0, 5.625◦, 11.25◦, 22.5◦, 45◦, 90◦, 180◦} by
using 6 control-bits. As a result, there are 26 phase com-
binations, and the theoretical phase resolution is 5.625◦.
The relationship between each phase shifter’s control-bits
{b0, b1, b2, ..., b5} and the corresponding phase value θ◦ is
θ◦ = b0 × 5.625◦ + b1 × 11.25◦ + b2 × 22.5◦ (1)
+ b3 × 45◦ + b4 × 90◦ + b5 × 180◦.
Similarly, the attenuators can select an arbitrary combination
of attenuation levels from the set {0, 0.5, 1, 2, 4, 8, 12} dB by
using 6 control-bits.
After the fabrication and testing of the modules, We ob-
served around 5 degrees phase-shifting error and around
0.5 dB attenuation error when comparing the theoretical
targets with the measured values. We identified the following
reasons for this observation. First, the overall error in the
whole system cannot be smaller than the error associated
with each components. We used commercial off-the-shelf
chips for the phase shifters and attenuators. The root mean
square (RMS) error of each of the chips is about 2.5◦ for
the phase shifters and 0.3 dB for the attenuators. Second,
we observed some deterioration in the pins of the phase
shifter and attenuator chips after fabrication. Due to the high
frequency of operation, the grounding performance of the
chips and the matching state between the chips had slightly
changed during the assembly process. This, in turn, affected
the precision of phase shifters and attenuators. Despite the
observed difference between theoretical and measured val-
ues, it will be shown in subsection III-F that such deviations
do not have a significant impact on the overall performance
of the beamformer. This is due to the fact that the random
errors from a large number of phase shifters and attenuators
are averaged out before the antennas.
C. POWER AMPLIFIER
To deploy the designed hybrid beamformer in both short-
distance and long-distance mmWave communication scenar-
ios, it is necessary for the beamformer to linearly provide
a wide range of power levels. This linearity and the total
EIRP of the system in this design are decided by the last
stage power amplifiers. For RF power amplifiers, there is
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FIGURE 5: Beamforming module with 2 RF inputs and 8
outputs.
always a trade-off between efficiency and linearity. For our
purposes, the linearity of the amplifiers has a higher priority
as it guarantees the fidelity of the system’s response versus
different signal levels. The efficiency of the power amplifier
plays a significant role in the total power budget of the sys-
tem’s front-to-end. Based on these considerations, we set the
minimum requirement for the efficiency to at least 30% for
the entire band that the amplifier’s performance is linear. A
prototype of the power amplifier and its measured efficiency
are shown in Figures 6 and 7, respectively. As it is observed,
it has a very small size which is comparable to a coin with an
acceptable efficiency, between 30.1% to 33%, over the entire
band of interest. A VNA is used to test the functionality and
performance of the power amplifiers. Compared to the design
specifications, the results are reported as:
• Saturation point should be higher than 27 dBm, the
measured value was 27.5 dBm;
• P1dB output power greater than 26 dBm, the measured
value was 26.7 dBm;
• The third-order intermodulation distortion (IMD3)
should be greater than 18 dBc, our measurement was
18.5∼27dBc.
D. CALIBRATION
After fabrication and assembly of the splitters, beamforming
modules, and power amplifiers, it is necessary to calibrate
the corresponding phases and amplitudes at the output of
the system. The calibration is performed before connecting
the antennas to the rest of testbed. This is a time-consuming
process which needs to be repeated for all the phase and am-
plitude values form {5.625◦, 11.25◦, 22.5◦, 45◦, 90◦, 180◦}
and {0, 0.5, 1, 2, 4, 8, 12} dB and for all of the 256 phase
shifters and attenuators. A VNA is used to measure the
phase and amplitude difference between each RF input of the
FIGURE 6: Prototype of the power amplifier.
FIGURE 7: Power amplifier efficiency test curve, where
drain and gate voltages are set as Vd = 6v, Vg = −0.7v,
respectively.
hybrid beamformer and the antenna ports, i.e., the output of
the phase shifter and attenuator network. Since the antennas
are not connected at this stage, it is necessary to terminate all
the ports, except the port under calibration, with a 50 Ohm
termination. This step is critical as the ports which are not
terminated appropriately, may reflect signals back to the
power amplifiers. This may cause significant damage to the
equipment. The phase calibration has two stages, and conse-
quently, two calibration tables are required. The first table is
used to make the phase differences at the antenna ports equal
to zero. In other words, this step alleviates the relative phase
offsets between different ports and acts as the reference phase
value for each phase shifter. Then, the second calibration
table is applied to create the required phase shift with respect
to the reference value for the corresponding phase shifter. To
calibrate the amplitudes, it is only required to measure the
attenuation level compared to the designed value. It should be
noted that it is not possible to modify the circuit and further
improve the performance of the attenuators, at this stage.
E. PHASED ARRAY ANTENNA DESIGN
The air interface of the system consists of a phased array
antenna (PHA) which is able to steer a pencil beam towards
the angle of interest. The operating bandwidth is 2 GHz
with respect to the centre frequency of f = 26 GHz. As
it is presented in Figure 3, the proposed PHA contains 128
elements on a 16 × 8 rectangular lattice with an individual
exciting port per element. By regulating the relative phase
difference between the ports, the direction of constructed
beam can be controlled while the side-lobe-level (SLL) can
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be managed by controlling the amplitude of each exciting
port. Based on the fundamental concepts of PHAs [29], the
constructed beam can be expressed by
PF = EF ×AF, (2)
where PF , EF and AF denote the pattern, element and
array factors, respectively. In particular, PF describes the
overall characteristics of constructed beam, and EF is each
element’s radiation pattern. The array factor AF depends on
the free-space wavenumber k = 2pi/λ, where λ denotes the
wavelength, excitation and geometry of the elements of the
PHA. For a planar array with M ×N elements, placed on xy
plane, the array factor is expressed as [29]
AF = I0
{ M∑
m=1
ej(m−1)(kdx sin θ cosφ+βx)
}
×
{ N∑
n=1
ej(n−1)(kdy sin θ sinφ+βy)
}
,
(3)
where I0 is the amplitude excitation, dx (dy), and βx (βy)
are the spacing and progressive phase shift between elements
along x (y) direction respectively. In order to steer the beam
towards θ = θ0 and φ = φ0, the progressive phase shift must
be equal to
βx = −kdx sin θ0 cosφ0
βy = −kdy sin θ0 sinφ0,
(4)
As mentioned, the proposed PHA structure is composed
of 128 elements as presented in Figure 8. Each element is a
hat-shaped printed patch antenna excited by a single coaxial
port, as shown in Figure 8 (a) and (b). The substrate is
Rogers RO4003C with r = 3.55, tan δ = 0.0027 and
thickness of h = 0.813 mm. Each connector is a standard
mmWave SMP attached to a 2.92 mm female adapter. The
optimized geometrical dimensions of each element at the
presence of its corresponding connector are d1 = 3.3 mm,
d2 = 1 mm, d3 = 1.78 mm, d4 = 0.68 mm. It should be
noted that the impedance matching is controlled by parameter
d4 while d1, d2, and d3 impact the reactive loads of the patch
[30], [31], and therefore regulate the operating bandwidth.
The array configuration is presented in Figure 8 (c) with
the overall substrate sheet dimensions of d5 = 95 mm and
d6 = 48.6 mm. Considering λ0 as the wavelength of centre
frequency, the spacing between elements is set to be λ0/2,
which is d7 = 5.8 mm. Figure 8 (d) shows the fabricated
prototype array antenna in an anechoic chamber room.
F. SIMULATED RESULTS AND MEASUREMENTS
The proposed structure is analyzed by the full-wave soft-
ware CST-MWS. The simulated scattering parameters (S-
parameters) of the designed structure are presented in Fig-
ure 9. Based on our analytical studies, it is important to
note that the resonance frequency of each antenna element
shifts down by around 300 MHz, when all of the elements
FIGURE 8: The proposed antenna, (a) single element top
view, (b) single element back view, (c) array configuration,
(d) fabricated prototype in the anechoic chamber.
are placed adjacent to each other and form an array. Con-
sequently, we included the impact of this observation in the
dimensions of every single element. In other words, each
antenna is designed such that it resonates at 26.3 GHz, as
shown in Figure 9 (a). Figure 9 (b) presents the S-parameters
for several antenna locations over the lattice, once forming
an array of elements. It is observed that the PHA’s elements
resonate at the desired 26 GHz frequency, and the bandwidth
of each element is more than 2 GHz (1 GHz) with respect
to −10 dB (−15 dB) margin. In addition, the maximum
cross coupling level for the adjacent elements is less than
−15 dB across the operating band. Figures 10 (a) and (b)
present the simulated radiation pattern of single-elements
as well as the PHA. With +90deg (−90deg) progressive
phase difference between the elements along the y−axis, see
Figure 8 (c) and Eq. 4, the PHA’s H-plane beam can be tilted
by −30 deg (+30 deg) as presented in Figure 10 (c) and (d).
As an example for the performance of a single element that
is placed in the antenna array, consider the centrally located
#56 in Figure 8 (d). The measured S-parameter is presented
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FIGURE 9: The S-parameters. (a) single element, (b) the
performance of elements #1,#17,#56 in the array config-
uration.
FIGURE 10: The simulated radiation pattern at f = 26 GHz,
(a) single element, (b) PHA, (c) −30 deg scanned angle on
H-plane, (d) 30 deg scanned angle on H-plane.
in Figure 11 (a), and it clearly shows that the fabricated
antenna is well matched at the frequency of interest. The
measured radiation pattern of the corresponding antenna is
illustrated in Figure 11 (b).
Based on the block-diagram of the hybrid beamformer,
shown in Figure 3, the fabricated array antenna is attached
to the front-to-end and controlling system, as depicted in
Figure 12. A conventional array can achieve SLL≥ −13 dB.
Based on our link-budget analysis, the required SLL for some
scenarios is less than -15 dB. To further reduce the SSL,
Taylor amplitude tapering has been applied on the array’s
elements to achieve SLL≈ −20 dB. Since the attenuators
in the front-to-end system have a limited number of discrete
states, the desired Taylor distribution has been rounded to the
closest values that would be obtainable by the attenuators.
FIGURE 11: The measured results of a single antenna ele-
ment, (a) S-parameter, (b) radiation pattern.
FIGURE 12: The fully implemented hybrid beamformer.
The rounded values that have been applied in the array are
presented in Figure 13.
The performance of the testbed has been assessed via the
measurement setup presented in Figure 14. The measured H-
plane radiation patterns for different tilt angles of −60 ∼
+60 deg are presented in Figure 15 for both Ports 1 and 2.
As it is clear from this figure, the required SLL of -15 dB
is well achieved for the boresight scenario. The highest SLL
of −16 dB is occurred for the tilt angle of ±60 deg which
is still acceptable from a link-budget point of view for many
scenarios.
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FIGURE 13: The applied rounded amplitudes per antenna
element.
FIGURE 14: System performance measurement setup.
Considering Figure 10 (a) and Figure 11 (b), the designed
antenna element provides an EF with a relatively wide H-
plane beam without significant fluctuations over −60 < θ <
60. As a result, the constructed PF , see Eq. 2, of the pro-
posed PHA is capable of tilting the beam to around ±60 deg.
It is noted that the steered beam has neither distorted the
pattern, nor imposed a severe scanning loss, as shown in
Figure 10 (c, d) and Figure 15. To the best of our knowledge,
such a wide-scanning range in the 26 GHz band has not been
reported before for such a large array.
FIGURE 15: The measured H-plane radiation pattern at f =
26 GHz for different values of tilt angle, (a) Port 1, (b) Port 2.
IV. CONCLUSION AND FUTURE DIRECTIONS
This paper presented an overview of the design, calibration,
and test procedures towards building the first mmWave fully-
connected hybrid beamformer with 128 antennas and two
input signals from two RF chains at 26 GHz. This sys-
tem offers significant advantages and increased flexibility
compared to state-of-the-art hybrid beamformers. The two
RF inputs and the 16 × 8 structure of the antenna array
allow for steering two pencil beams in both azimuth and
elevation. In addition, the ability to control the amplitude of
the signals at each antenna element provides better control
over the sidelobe levels. The fully-connected structure of the
beamformer paves the path to develop, implement, and test a
plethora of hybrid beamforming algorithms, which are not
realizable with a conventional subconnected configuration.
Despite the abundant literature on designing algorithms for
hybrid beamformers, refer to the survey papers [32], [33],
most of the existing work relies on theoretical assumptions
about the hardware constraints and the propagation channels.
The performance of such algorithms may significantly vary
according to the propagation scenario, and the hardware
design. The high dynamic range of the EIRP of our devel-
oped beamformer gives us the opportunity to deploy it in
various scenarios. Consequently, we can design, evaluate,
and validate advanced transmission approaches for channel
estimation, beam alignment, and beamforming algorithms
that are tailored to realistic transmission scenarios and hard-
ware constraints. In addition, the linearity, high bandwidth
and dynamic range of the system enables the beamformer
to transmit various waveforms and modulations, such as or-
thogonal frequency-division multiplexing (OFDM), filtered-
OFDM (F-OFDM) and generalized frequency division mul-
tiplexing (GFDM).
The designed beamformer can also be used to further
optimize the transmission over frequency-selective channels
[14], [34], and provide tradeoffs between diversity and spatial
multiplexing gains. Such studies may even motivate the de-
ployment of hybrid beamformers in lower frequency bands,
which are generally more frequency-selective. In addition,
our programmable fully-connected hybrid beamformer with
128 antennas can create semi-omnidirectional and pencil
beams. As a result, the effective channel, that is observed at
the baseband, and corresponding algorithms can significantly
vary. Using wider beams may necessitate the use of more
complex nonlinear algorithms, such as [35]–[37], whereas
the pencil beams can convert the effective channel into an
additive white Gaussian noise channel, and simplify the
required processing at the transmitter and receiver.
Another research direction that has recently received sig-
nificant interest from academia and industry is applying
machine learning-based techniques for channel estimation,
beam alignment, and calculating the hybrid beamforming
weights for mmWave systems [38], [39]. At least, in theory,
such approaches seem very appealing as they can enable the
transceivers to learn about the environment and adapt to new
conditions. However, to the best of our knowledge, the ma-
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chine leaning-based solutions are built based on computer-
based models. Although such results seem very promising,
they need to be tailored to real-life scenarios. With this
motivation, we are aiming to exploit our testbed to further
explore the application of machine learning-based algorithms
in channel estimation and beam alignment in hybrid beam-
forming systems over realistic mmWave channels.
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